We report on the first realization of heteronuclear dipolar quantum mixtures of highly magnetic erbium and dysprosium atoms. With a versatile experimental setup, we demonstrate binary BoseEinstein condensation in five different Er-Dy isotope combinations, as well as one Er-Dy Bose-Fermi mixture. Finally, we present first studies of the interspecies interaction between the two species for one mixture.
In recent years, the field of atomic dipolar quantum gases has witnessed an impressive expansion as researchers have made substantial headway in using and controlling a novel class of atoms, the highly magnetic rare-earth species. Since the first experimental successes in creating Bose and Fermi quantum gases of Dy [1, 2] and Er [3, 4] , fascinating dipolar phenomena and novel many-body quantum phases, including Fermi surface deformation [5] , quantum-stabilized droplet states [6] [7] [8] , and roton quasi-particles [9] have been observed. Remarkably, in Dy and Er, the intriguing physics within reach comes with comparatively simple experimental approaches to achieve quantum degeneracy. Several research groups have either recently reported on new experimental realizations of quantum gases with Dy [10, 11] or Er [12] , or are actively pursuing it [13, 14] .
An alternative route to access dipolar physics is provided by ultracold gases of heteronuclear molecules [15] , offering an electric dipole moment. Up to now, ultracold molecules have been created from non-dipolar binary quantum mixtures of alkali atoms [16] [17] [18] . Beside molecule creation, such quantum mixtures have been used as powerful resources to realize a broad class of manybody quantum states (e. g. [19] [20] [21] [22] [23] [24] [25] [26] ), in which intra-and interspecies short-range contact interactions are at play.
In the experiment described in this Letter, we merge for the first time the physics of heteronuclear mixtures with the one of dipolar quantum gases. Our motivations to create quantum mixtures of two different dipolar species, Er and Dy, are numerous. First, there is a clear fundamental interest in combining these two species to perform comparative studies and deeper elucidate the complex scattering and many-body physics with increasing strength of the magnetic and orbital anisotropic interaction. Second, switching from contact-interacting to dipolar mixtures, also the coupling between the two components acquires a unique anisotropic and long-range character, due to strong interspecies dipole-dipole interaction (DDI). The emergent physical richness of the system has only begun to be uncovered by theory. Recent studies include the prediction of anisotropic boundaries in the dipolar immiscibility-miscibility phase diagram [27, 28] , roton im- miscibility [29] , vortex lattice formation [30] , and impurity physics in dipolar quantum droplets [31] . Last, mixtures composed of two different magnetic species serve as an ideal platform to produce ground-state molecules with both an electric and magnetic dipole moment, offering novel degrees of control [32, 33] .
We here report on the first experimental realization of quantum-degenerate dipolar mixtures of Er and Dy atoms, using an all-optical approach for trapping and cooling. Er and Dy both have a large magnetic moment of 7 and 10 Bohr magneton, respectively, as well as several stable bosonic and fermionic isotopes with high natural abundances above 15 %. Taking advantage of this diver- sity, we produce dipolar Bose-Bose mixtures with five different isotope combinations, as well as one Bose-Fermi mixture. We note that, prior to this work, the production of a nearly doubly degenerate dipolar Bose-Fermi mixture has been reported using two different Dy isotopes [2] and, more recently, a deeply degenerate Fermi-Fermi mixture has been created from two Er spin states [34] . Experimental efforts are also devoted to creating Dy-K mixtures [35] .
In the following, we detail the production of a double dipolar Bose-Einstein condensate (ddBEC) of 166 Er and 164 Dy. The same procedure is used for the other isotope mixtures. Our experiment starts with a double magnetooptical trap (MOT) of Er and Dy, as reported in our recent work [39] . For both species, the MOT operates on narrow inter-combination lines and yields cold and spin-polarized samples in the absolute lowest Zeeman sublevels [10, 13, 39, 40] . After loading the double MOT, we optically compress the mixture in 400 ms (cMOT phase) by reducing the detuning and power of the MOT beams as well as the magnetic field gradient.
We then transfer the mixture into an optical dipole trap (ODT) by superposing it with the cMOT for 100 ms. Initially, the ODT consists of a single laser beam at 1064 nm, propagating along the horizontal (y) axis. The beam has a fixed vertical (z) focus of about 22 µm, whereas the horizontal waist can be controlled via a time-averagingpotential technique; see e. g. [41] . This leads to an elliptic beam with variable aspect ratio (AR). Best transfer efficiency is observed for a beam power of 32 W and an AR of 4, which provides good spatial overlap between the cMOT and the ODT. We then switch off the MOT beams and magnetic field gradient, and start a 5-seconds evaporation sequence, during which we apply a bias magnetic field B evap along the gravity (z) axis to preserve spin-polarization.
Our strategy for evaporative cooling can be divided into three main stages: (i) During the initial 600 ms, we reduce the AR to unity while lowering the power of the singlebeam ODT. This increases the density of the mixture at a roughly constant trap depth. (ii) We start forced evaporation in the horizontal ODT and add a verticallypropagating dipole trap beam. The vertical beam is derived from the same laser source as the horizontal one, has a power of 15 W and a waist of 130 µm. (iii) We proceed with forced evaporation in the crossed ODT by reducing the powers of both beams nearly exponentially until the mixture is close to quantum degeneracy. In the final stage of the evaporation, we increase the AR to 5 to create a pancake-like trapping geometry, and further decrease the trap depth until we reach double quantum degeneracy. To probe the atomic mixture, we switch off the ODT and, after a time-of-flight (TOF) expansion of 25 ms, we perform sequential absorption imaging with a resonant light pulse at 401 nm for Er and 500 µs later at 421 nm for Dy [3, 42] ; both pulses have a duration of 50 µs. The imaging light propagates horizontally with an angle of 45°with respect to the y-axis.
Unlike many alkali mixtures [43] [44] [45] [46] , Er and Dy exhibit very comparable atomic polarizabilities, α, because of their similar atomic spectra. From single-species experiments [14, 47] , a ratio α Dy /α Er = 1.06 at 1064 nm is expected. For our initial ODT parameters, we calculate trap frequencies of about ν Er = (490, 5, 1980) Hz and ν Dy = (505, 5, 2050) Hz [48] , corresponding to trap depths of 380 µK and 410 µK for Er and Dy, respectively. Although small, the difference in trap depths has an important effect on the evaporation trajectory of the mixture. We observe that the more weakly trapped Er atoms act as a coolant for Dy and are preferentially evaporated from the trap ("sympathetic losses" [45, 49] ). To sustain Er atom numbers high enough to achieve double quantum degeneracy, we imbalance the initial atom number in the MOT with Er as the majority component. The atom-number imbalance can be easily controlled by individually changing the MOT loading time and beam power. This strategy is often employed in multi-species experiments, e. g. [50, 51] . Figure 1 (a-c) shows the phase transition from a thermal Er-Dy mixture (a) to a ddBEC (c). The TOF absorption images reveal the textbook-like fingerprint of condensation, the emergence of a bimodal density distribution, as plotted in Fig. 1(d) . The condensation series ( Fig. 1(a-c) ) is taken for an Er(Dy) MOT loading time of 3 s (1 s), for which we transfer 8 × 10 6 (7 × 10 5 ) Er(Dy) atoms into our ODT and measure a temperature of about 35 µK; this parameter set allows us to create number-balanced ddBECs. In agreement with the expected polarizabilities, we measure ODT trap frequencies of ν Er = (50, 29.7(9), 144(1)) Hz and ν Dy = (51, 30.2(9), 160(1)) Hz [52] . The resultant gravitational sag between the two species is 2.1(2) µm. By varying the imbalance of the MOT loading, we can produce degenerate mixtures with different atom number ratios and condensate fractions, which is exemplified in Fig. 1(e,f) . For large condensates, one directly observes a deformation of the density profiles due to interspecies interaction, as we discuss later in more detail.
To quantify the cooling efficiency, we plot the normalized phase-space density (PSD/PSD 0 ) as a function of normalized atom numbers (N/N 0 ) during the evaporation stages (ii) and (iii), see Fig. 2 [53] , which captures the evaporation efficiency, via a linear fit to the data. In the single-beam ODT (stage ii), we see similar efficiencies both in mixture and single-species operation, with γ ≈ 1.2. In the crossed ODT (stage iii), we find γ Er = 2.4(9) for Er in mixture operation. This value is comparable to state-of-the-art single species Er experiments [54] , and, as expected, little affected by a small admixture of Dy atoms. Contrarily, the cooling efficiency of Dy in stage (iii) strongly benefits from the sympathetic cooling by Er: We observe a steep increase of the Dy PSD in the mixture and extract γ Dy sym = 7(2), whereas for the same N Dy 0 but in single-species operation, the evaporation efficiency is considerably lower and would not suffice for condensation. However, with higher N Dy 0 we can still produce large Dy BECs in single-species operation.
The proper choice of B evap plays an important role for cooling magnetic rare-earth atoms and becomes even more critical in mixture operation. It has indeed been observed in single-species experiments [36] [37] [38] that both Er and Dy exhibit extremely dense and temperaturedependent spectra of homonuclear Feshbach resonances. Figure 2(b) shows the atom numbers of the 166 Er-164 Dy mixture at the onset of condensation as a function of B evap in a small magnetic-field range from 0.5 to 5 G. As expected, we find a number of broad and narrow loss features. Some of them are connected to known homonuclear Feshbach resonances [36] [37] [38] , others we attribute to unknown high-temperature resonances or detrimental interspecies scattering conditions. In a few narrow magnetic-field windows we observe atom numbers large enough for both components to condense. However, our magnetic-field stability of about 2 mG is sufficient to reliably operate in most of these small windows. The optimal value of B evap , listed in Table I , depends on the isotope combination.
Combining Er and Dy offers an unprecedented variety of heteronuclear mixtures with 16 possible isotope configurations, including Bose-Bose, Bose-Fermi, and FermiFermi quantum gases; see Table I . Using the cooling and trapping procedure optimized for 166 Er-164 Dy, we are able to produce five ddBECs and one Bose-Fermi mixture. Concerning the remaining combinations, we know from previous experiments that both 167 Er and 163 Dy need a different experimental approach since 167 Er undergoes light-induced losses in a 1064-nm ODT [4] , whereas 163 Dy, never brought to quantum degeneracy so far, has an inverted hyperfine structure, requiring most probably additional optical pumping stages. Both isotopes will be investigated for future studies of Fermi-Fermi mixtures. Figure 3 (a-d) shows absorption pictures of our doubly degenerate isotope mixtures. We are able to con- Table I . We also prepare one Bose-Fermi mixture, in which a 168 Er BEC coexists with a degenerate Fermi gas of 161 Dy. Although the cooling process of spin-polarized fermions can differ substantially from bosons, we are able to reach Bose-Fermi degeneracy with a similar evaporation scheme [55] . We measure a temperature of the Fermi gas of T /T F ≈ 0.5, with the Fermi temperature T F = 140 nK. We expect that deeper degeneracy might be reached by using smaller ODT beam waists [4] .
Remarkably, in the TOF images in Fig. 1 and Fig. 3 hints of interspecies interactions can be spotted: In mixture operation, the center-of-mass (COM) position of each BEC is vertically displaced with respect to its thermalcloud center; see also Fig. 4(a) . The two BECs are displaced in opposite direction, with the heavier(lighter) Er(Dy) always shifted down(up). Contrarily, in singlespecies operation the condensates and thermal clouds are centered; see Fig. 4(b,c) . This indicates that the trapped condensates experience a strong repulsive meanfield potential caused by interaction with the other species, whereas the thermal clouds are little affected because of their lower densities.
To confirm that the displacement after TOF originates from in-trap interspecies interaction, we prepare a ddBEC, let it equilibrate for 50 ms, and then selectively remove either of the two species from the ODT using a resonant light pulse [56] . After a variable hold time in the ODT, we release the remaining cloud and record its COM position after TOF. As shown in Fig. 4(d,e) , we observe a very pronounced COM oscillation of the remaining BEC component with a frequency close to its bare trap frequency. The oscillation of Er (removing Dy, (d)) and of Dy (removing Er, (e)) proceed in counter-phase, as expected from their initial separation in trap. Repeating the same measurement with a thermal-thermal mixture, or a mixture with just one condensed component (not shown), yields negligible or significantly weaker oscillations, respectively.
The relative cloud displacement and the amplitude of the oscillations might in the future serve as a sensitive probe to extract the overall contact and dipolar interspecies interaction, including the Er-Dy scattering length, which is presently unknown. For this, however, dedicated experiments will have to be combined with simulations based on a generalized coupled Gross-Pitaeskvii equation including interspecies DDI. Such an interaction breaks the angular symmetry of the mean-field interspecies poten- tials and is expected to render the miscibility-immiscibility boundaries anisotropic and trap-dependent [29] .
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